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We study the purely leptonic W decays W+ → e+µ−e+νe and W
+ → e+e+µ−ν¯µ (or their charge
conjugates) produced at the LHC, induced by sterile neutrinos with mass below MW in the inter-
mediate state. While the first mode is induced by both Dirac or Majorana neutrinos, the second
mode is induced only by Majorana neutrinos, as it violates lepton number. We find that, even
when the final (anti-)neutrino goes undetected, one could distinguish between these two processes,
thus distinguishing the Dirac or Majorana character of the sterile neutrinos, by studying the muon
spectrum in the decays.
I. INTRODUCTION
One of the outstanding issues in neutrino physics today is to clarify the Dirac or Majorana character of neutrino
masses. The discovery of neutrino oscillations indicates that neutrinos are massive particles, albeit with masses much
smaller than those of the charged fermions [1]. This evidence may provide an important clue to the existence of a
more fundamental physics underlying the Standard Model (SM). Neutrinos are naturally massless in the SM, with
the consequent conservation of all lepton flavors – electron, muon and tau – separately. On the other hand, massive
neutrinos could naturally induce violation of e, µ and τ flavors (due to flavor mixing analogous to the quark sector)
and also induce violation of total lepton number, due to the appearance of Majorana masses in the neutrino sector.
Indeed, in the simplest scenario of neutrino masses, these are due to Yukawa interactions – the mechanism that gives
mass to all other fermions. However, this scenario requires the inclusion of right-handed neutrino fields, which in
turn allows Majorana mass terms for these right-handed fields [2–7]. The neutrino sector then becomes richer and,
through mixing, some neutrino masses become small as others become large, an effect called seesaw. To date, there
are many versions of seesaw models, all of them with the common feature of having a spectrum separated into light
and heavier neutrinos, with their corresponding mixing to the lepton currents of the electroweak interactions (see e.g.
[8, 9] and references therein).
In seesaw models based on the SM gauge group, the heavy neutrinos are coupled to the standard sector through
a small mixing with the standard leptons in the electroweak currents. Here we will focus on these cases. Scenarios
based on other gauge groups such as left-right symmetric gauge theories, where the heavy neutrinos connect to the
standard sector primarily through right-handed currents, will not be considered here. This is important to keep in
mind, because in the first case the couplings with extra neutrinos are suppressed by small mixings, while in left-right
symmetric or other gauge groups the suppression may instead come from large masses of the extra gauge bosons,
such as WR [10]. Each specific scenario proposes heavy neutrinos with masses within a given scale, but in general
this scale can be in a very broad range, from a few eV all the way to grand unification scales of order 1015 GeV.
In turn, different experiments put bounds on neutrino masses and mixings, each one in a different and limited mass
range within this broad spectrum of possibilities [11].
The most sensitive processes considered to search for the Majorana character of neutrinos are neutrinoless nuclear
double beta decays (0νββ) [12–15]. A positive signal will clearly indicate that neutrinos are of Majorana type, even
though the extraction of neutrino parameters will be difficult, especially due to large theoretical uncertainties in the
nuclear matrix element. Heavy neutrinos, either Dirac or Majorana, may also give observable effects in rare meson
decays [16–21] or in high energy collisions [22–25], where lepton flavor and/or lepton number are violated [10, 26, 27].
In particular at the LHC one looks for events with two same-sign leptons together with two jets and no missing
energy [28, 29], or three charged leptons and missing energy, with appropriate cuts to eliminate backgrounds. For
neutrino masses below MW , the heavy neutrino could live long enough as to cause a visible displacement between
the vertex where the neutrino is produced and where it decays [30–32], a feature that can be used in order to
eliminate backgrounds. For semileptonic modes ℓ±ℓ±jj this displacement is considered in Ref. [30]. However, in
these semileptonic modes, to avoid severe hadronic background and soft pile up processes at the LHC, the cuts
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2that are imposed to keep only hard and well isolated jets make it difficult to observe events with intermediate on-
shell neutrino masses below MW . A more appropriate process for mN < MW could be the purely leptonic mode
W+ → e+N(→ e+µ−ν¯µ) or its conjugate [31], since charged leptons are easier to identify than jets at lower transverse
momenta. One should also notice that these leptonic on-shell W decays can be approximately fully reconstructed
event-by-event, albeit with two-fold ambiguity [33, 34] at the LHC, if only a single –almost massless– neutrino escapes
detection in the W decay.
Here we study these leptonic W decays in order to address the discovery of heavy sterile neutrinos at the LHC with
masses below MW and distinguish their Majorana vs. Dirac character. Specifically, we want to consider the LNV
decays W+ → e+e+µ−ν¯µ [31], and the lepton number conserving (LNC) decays W+ → e+e+µ−νe. One can just as
well consider their charge conjugate processes but, from now on and just for the sake of notation, we will refer to
the indicated process, keeping in mind that their conjugates can be used as well. If mN < MW , these processes are
dominated by a resonant heavy neutrino in the intermediate state, namely W → eN(→ eµν). These leptonic decays
violate lepton flavor, and in the case of W+ → e+e+µ−ν¯µ it violates lepton number as well, with ∆L = 2 just as the
semileptonic decay W± → ℓ±N(→ ℓ± jj) mentioned above. However, in the purely leptonic case the final neutrino
flavor goes undetected, and therefore the LNC (albeit lepton flavor violating) process W+ → e+µ−e+νe cannot be
separated from the ∆L = 2 mode. Moreover, while both processes are mediated by a heavy Majorana neutrino, only
the second process occurs if it is mediated by a Dirac neutrino. It is then important to distinguish these two modes
if we want to test the Majorana vs. Dirac character of the neutrino.
Here we will explore how to distinguish them and thus test the existence of the ∆L = 2 process. We must also
note that, by specifically choosing e±e±µ∓ (or µ±µ±e∓) instead of e±µ±e∓ in the final state, one avoids serious
backgrounds, from e.g. radiative decays W+ → µ+νµ + γ∗(→ e+e−) [17]. In Section II we present the details of
the scenario with formulae for the rates and spectra of the decays under consideration, and in Section III we give a
summary and conclusions.
II. RATES AND SPECTRA OF W± → e±e±µ∓ν AT THE LHC
We want to study lepton flavor violating leptonic decays of an on-shell W , mediated by a heavy neutrino with mass
below MW . Moreover, if the intermediate neutrino is of Majorana type, the process will also exhibit lepton number
violation. The LNV process, W+ → e+e+µ−ν¯µ, is depicted in Fig. 1. Since the final (anti-)neutrino goes undetected
experimentally, one should also consider the process W± → e+e+µ−νe that has the same charged leptons in the final
state and violates lepton flavor, but conserves lepton number. This process is shown in Fig. 2. It is important to
notice that an intermediate neutrino of Majorana type will produce both processes, while an intermediate neutrino of
Dirac type will only produce the second process. Given that the final neutrino is not detected, an important question
that arises is whether one can actually distinguish these two processes, otherwise they can not be used to determine
the Dirac or Majorana character of the intermediate neutrino. We will show that these two decays can actually be
separated at least in the spectrum, if not in the rate.
A. The Lepton Number Violating Process W+ → ℓ+ℓ+ℓ′−ν¯ℓ′
Let us first consider the LNV decay W+ → e+e+µ−ν¯µ (or equivalently W+ → µ+µ+e−ν¯e –or their charge conju-
gated decays), shown in Fig. 1. There is only one diagram at tree level if there is no flavor-changing neutral current
in the Z coupling (i.e. there is no vertex Z → µ−e+), an assumption we will use in this work.
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Figure 1. The diagram for the lepton number violating (LNV) decay W+ → e+e+µ−ν¯µ, which is mediated by a Majorana
neutrino.
The squared matrix element for the process in Fig.1, averaged over initial polarizations, is:
|M|2 = 256
√
2
3
G3FM
2
W |UNe|4
1
(k2N −m2N )2 +m2NΓ2N
m2N (k2 · ℓ2)
{
(k1 · ℓ1) + 2
M2W
(q · k1)(q · ℓ1)
}
, (1)
3where kN = q − ℓ1 is the virtual momentum of the intermediate neutrino N , which will be predominantly on its
mass shell when mN is in our range of interest, due to the sharply peaked neutrino propagator. Indeed, since the
intermediate neutrino is weakly interacting, we can clearly use the narrow width approximation for its propagator,
which is to say that the neutrino is produced as an on-shell particle which subsequently decays. For this purpose one
can express the 4-particle final phase space as:∫
dps4(q → ℓ1, ℓ2, k1, k2) =
∫
dk2N
2π
∫
dps2(q → ℓ1, kN )
∫
dps3(kN → k1, k2, ℓ2)
Provided mN is such that mµ+me < mN < MW −me, which is the range of interest here, the narrow neutrino width
allows us to approximate: ∫
dk2
2π
1
(k2 −m2N )2 +m2NΓ2N
→ 1
2mNΓN
,
thus fixing kN to be on its mass shell. Doing the phase space integrals we can get the µ
− spectrum in the N rest
frame:
Γ(W+ → e+e+µ−ν¯µ) = G
3
FM
3
W
12
√
2 π4
|UNe|4mN
ΓN
(
1− m
2
N
M2W
)2(
1 +
m2N
2M2W
)
×
∫ mN/2
0
dEµ
(
mNE
2
µ − 2E3µ
)
. (2)
Integrating this expression we can obtain the branching ratio:
Br(W+ → e+e+µ−ν¯µ) = 1
12× 96π
(
GF√
2
M3W
ΓW
)(
|UNe|4G
2
F m
5
N
π3ΓN
) (
1− m
2
N
M2W
)2(
1 +
m2N
2M2W
)
≈ 4.8× 10−3 |UNe|
4∑
ℓ=e,µ,τ |UNℓ|2
(
1− m
2
N
M2W
)2(
1 +
m2N
2M2W
)
. (3)
B. The Lepton Number Conserving Process W+ → ℓ+ℓ′−ℓ+νℓ
Now, concerning the LNC decay W+ → e+µ−e+νe (or equivalently W+ → µ+e−µ+νµ –or their charge conjugated
decays), the diagram for its amplitude is shown in Fig. 2.
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Figure 2. The diagram for the lepton number conserving (LNC) decay W+ → e+µ−e+νe, which is mediated by either a Dirac
or Majorana neutrino.
The corresponding squared matrix element, averaged over initial polarizations, now is:
|M|2 = 256
√
2
3
G3FM
2
W |UNeUNµ|2 ×
1
(k2N −m2N )2 +m2NΓ2N
(4)
× (k1 · ℓ2)
{
2(k · k2)
[
(k · ℓ1) + 2
M2W
(q · k)(q · ℓ1)
]
−m2N
[
(k2 · ℓ1) + 2
M2W
(q · k2)(q · ℓ1)
]}
,
where the momenta are named as before. Again, one finds the spectrum over the µ− energy, Eµ, in the intermediate
neutrino N rest frame:
Γ(W+ → e+e+µ−νe) = G
3
FM
3
W
12
√
2π4
|UNeUNµ|2mN
ΓN
(
1− m
2
N
M2W
)2(
1 +
m2N
2M2W
)
×
∫ mN/2
0
dEµ
(
mN
2
E2µ −
2
3
E3µ
)
, (5)
4and from here we obtain the branching ratio for this LNC decay:
Br(W+ → e+e+µ−νe) = 1
12× 96π
(
GF√
2
M3W
ΓW
)(
|UNeUNµ|2G
2
F m
5
N
π3ΓN
) (
1− m
2
N
M2W
)2(
1 +
m2N
2M2W
)
≈ 4.8× 10−3 |UNe|
2|UNµ|2∑
ℓ=e,µ,τ |UNℓ|2
(
1− m
2
N
M2W
)2(
1 +
m2N
2M2W
)
. (6)
This expression is almost the same as the branching ratio of the LNV decay, Eq. 3, except for the lepton mixing
factors, |UNℓ|. Clearly one cannot easily distinguish between these two processes using the rate, unless one knew the
heavy-to-light mixing elements beforehand and with great precision. The only sensible way to differentiate between
the LNV and LNC decays is not by their rate but by the shape of their muon spectrum, the detail of which will be
shown in below.
C. Numerical Results and Discussions
The observation of any of these two decays will be indication of the existence of an intermediate sterile neutrino
with mass below MW , but if in addition we want to determine the Dirac vs. Majorana character of this neutrino, we
must distinguish between the LNV and the LNC decays. This distinction is necessary because the LNC decay can
be induced by an intermediate neutrino of either Dirac or Majorana type, while the LNV decay can be induced only
by a Majorana neutrino. In other words, if the intermediate neutrino is of Dirac type only the LNC decay occurs,
not the LNV decay, while if the intermediate neutrino is Majorana, both decays will occur, with a relative rate that
depends on a ratio of lepton mixing elements.
Let us now examine the energy spectrum of the muon (i.e. the opposite-charge lepton) for the LNV and LNC decays
in question. To keep the expressions simple, we use the muon energy distributions in the rest frame of the neutrino
N . One can also boost the spectra to the W± frame or to the lab frame, once the W momentum is reconstructed for
each event, an issue that we address further below.
The spectral shapes for the LNV and LNC decays (Eqs. 2 and 5, respectively) are shown in Fig. 3. As seen from the
figure, the two shapes are clearly different, especially at the endpoint. This is a preliminary indication that it may be
possible to distinguish the two decays, but we should take into account the caveat that, if N is a Majorana neutrino,
both processes will exist, with relative rates that depend on the heavy-to-light lepton mixing: while the LNV rate is
proportional to |UNe|4, the LNC rate is proportional to |UNeUNµ|2; so far we do not know these values but in general
they should be different. Consequently, if N is a Dirac neutrino an experiment should find the spectrum of the LNC
process; however, if N is Majorana, the spectrum will not be that of the LNV process but a combination of the LNV
and LNC processes.
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Figure 3. Normalized muon energy spectrum, (1/Γ)dΓ/dEµ, given in the N rest frame, for the LNV process W
+ → e+e+µ−ν¯µ
[c.f. Eq. (2)] (solid line), and for the LNC process W+ → e+e+µ−νe [c.f. Eq. (5)] (dashed line). In each curve the normalizing
factor Γ is the rate itself, so that the integral over either normalized spectrum is unity.
Let us then consider the possible muon spectrum that an experiment would observe in the latter case, i.e. N is a
Majorana neutrino: both LNV and LNC processes will occur, and the observed spectrum will be the sum of the LNV
and LNC spectra, with a proportion that will depend on the ratio |UNe|2/|UNµ|2. After normalizing, the general
5expression for the observed muon spectrum in the case of a Majorana N will be:(
1
ΓLNV + ΓLNC
)
dΓ
dεµ
=
1
|UNe|2 + |UNµ|2
{
|UNe|2
(
ε2µ − 2ε3µ
)
+ |UNµ|2
(
1
2
ε2µ −
2
3
ε3µ
)}
,
where εµ = Eµ/mN is the normalised muon energy in the N rest frame. This spectrum is drawn in Fig. 4 for different
values of |UNµ|2/|UNe|2. The possibility to distinguish a Majorana vs. Dirac neutrino clearly depends on this value.
The solid line shows the spectrum when |UNe|2/|UNµ|2 = 10, which means that the LNV mode is 10 times more intense
than the LNC mode. In such case, the spectrum shows a clear drop as it reaches the endpoint, differing considerably
from the spectrum corresponding to a Dirac N (i.e. the purely LNC spectrum) where it is maximal near the endpoint.
As an intermediate case, the dashed line corresponds to |UNµ|2 = |UNe|2 (both modes with equal strength), showing
that the end of the spectrum stills develops a drop, distinguishing it from the Dirac scenario. Finally the the dotted
line corresponds to |UNe|2/|UNµ|2 = 1/10, i.e. when the LNC process is 10 times more intense than the LNV process,
showing that the drop at the endpoint is disappearing, thus losing the capacity to distinguish between a Majorana
vs. a Dirac N . However, if this happens to be the case, what one should do is to exchange the roles of muons and
electrons and study the analogous processes W+ → µ+µ+e−ν¯e and W+ → µ+µ+e−νµ, respectively. In such case,
the observed spectrum due to a Majorana neutrino is the reverse of Fig. 4: the solid line corresponds to the smaller
value |UNe|2/|UNµ|2 = 0.1 and the dotted line to the larger value 10. The mode W+ → µ+µ+e−ν thus discriminates
Majorana from Dirac in a complementary way with respect to the originally described mode W+ → e+e+µ−ν.
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Figure 4. Normalized muon energy spectrum for the LNV + LNC decays dΓ/dEµ(W
+ → e+e+µ−ν¯µ) + dΓ/dEµ(W
+ →
e+e+µ−νe), normalised by the sum of the two rates. The rates are proportional to |UNe|
2 and |UNµ|
2, respectively. The curves
correspond to |UNe|
2/|UNµ|
2 = 10, 1, and 1/10 (solid, dashed and dotted lines, respectively). Similar shapes correspond to the
spectrum of dΓ/dEµ(W
+ → µ+µ+e−ν¯e) + dΓ/dEµ(W
+ → µ+µ+e−νµ) if one exchanges the roles |UNe|
2 ↔ |UNµ|
2.
A crucial point in our analysis is to be able to reconstruct the momentum of the decayingW boson, event by event.
This reconstruction can actually be done to a good approximation in spite of the missing neutrino in the final state,
due to the relatively small transverse momentum of the W boson [34]. The production of a on-shell W at the LHC is
mainly by pp→W±X , so that the transverse momentum of the W should be of the order of the Fermi momentum of
the partons inside the proton. For the leptonic decay W → eeµν, let us call q the 4-momentum of the W , and p the
total 4-momentum of the three charged leptons, with invariant mass p2 ≡ µ2ℓ , total energy Eℓ and total longitudinal
momentum pL. If we neglect the transverse momentum of the W , simple kinematics leads to:
M2W + µ
2
ℓ − 2EWEℓ + 2qLpL = 0, where EW =
√
M2W + q
2
L.
This is a quadratic equation for qL (the W longitudinal momentum) with solution given by:
qL =
(M2W + µ
2
ℓ)pL
2(E2ℓ − p2L)
±
√(
(M2W + µ
2
ℓ)pL
2(E2ℓ − p2L)
)2
+
(M2W + µ
2
ℓ)
2
4(E2ℓ − p2L)
− M
2
WE
2
ℓ
(E2ℓ − p2L)
Since the transverse momentum of the W is neglected, qL gives an approximate reconstruction of the W momentum.
Notice that this procedure differs from the statistical determination of the W mass from leptonic decays W → eν at
hadron colliders [35], because here MW is a known input parameter.
6The actual observability of these LNV and LNC decays depends on their absolute rates. This issue has been studied
elsewhere [31], so we will be brief here, without details on W production rates or backgrounds. The W branching
ratios, shown in Eqs. (3) and (6), depend on the unknown lepton mixing elements, UNℓ and the sterile neutrino mass
mN . Since the lepton mixing is a global factor in the rate, we can divide it out to study the dependence on the
neutrino mass. The branching ratios as functions of the neutrino mass mN are shown in Fig. 5. The figure exhibits
the dependence on mN only, with the lepton mixing factor removed. The actual branching ratios are obtained as
Br = Br × |UNe|4/(
∑
ℓ |UNℓ|2) for the LNV decay and Br = Br × |UNeUNµ|2/(
∑
ℓ |UNℓ|2) for the LNC decay. It is
clear that the rates vanish as mN approaches MW , because the phase space to produce an on-shell neutrino N from
an on-shell W vanishes as mN → MW . At the LHC, however, the actual processes are pp → e±e±µ∓νX , which do
not vanish but rather decrease considerably as the final state is produced through a virtual W or N . In this respect,
these LNV and LNC lepton decays of the W boson are more difficult to detect for larger neutrino masses (still in the
range below MW ). One should also consider that, for mN . 20 GeV, even when the rates are higher according to
Fig. 5, the sensitivity at the LHC is affected by the required cuts on the lepton energies.
Let us make a rough estimate of the sensitivity of the LHC to these processes. The high luminosity runs, with 3000
fb−1, will produce about 1011 W bosons [36, 37]. For the |UNℓ|2 mixings, according to a recent analysis [38], current
representative values for their upper bounds can be taken to be |UNe|2 ∼ 10−5 and |UNµ|2 ∼ 10−6, for a neutrino mass
mN ∼ 50 GeV. For the reduced branching ratio, as shown in Fig. 5, we can use Br ∼ 10−3. Consequently, for the
LNV mode W+ → e+e+µ−ν¯µ (proportional to |UNe|4/
∑ |UNℓ|2 ∼ 10−5) one should get ∼ 103 events, for the LNC
modes W+ → e+e+µ−νe or W+ → µ+µ+e−νµ (proportional to |UNe|2|UNµ|2/
∑ |UNℓ|2 ∼ 10−6) about 102 events,
and for the LNV mode W+ → µ+µ+e−ν¯e (proportional to |UNµ|4/
∑ |UNℓ|2 ∼ 10−7) about101 events. Assuming one
can eliminate the background without getting rid of the signals, with these samples the experiment should be able
to distinguish the Majorana vs. Dirac character of the sterile neutrino using the spectra of W → eeµν. If the actual
mixings are below these current upper bounds, the LHC will correspondingly lose sensitivity to these modes.
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Figure 5. The reduced branching ratio Br as a function of the intermediate neutrino mass mN [as in Eqs. (3) and (6)], where
the lepton mixing factors have been removed. The actual branching ratios are obtained as Br = Br× |UNe|
4/(
∑
ℓ
|UNℓ|
2) and
Br = Br × |UNeUNµ|
2/(
∑
ℓ
|UNℓ|
2) for the LNV and LNC decays, respectively.
In addition, one should take into account that the W decays we are studying may have an observable vertex
separation due to the finite lifetime of the intermediate neutrino. For a neutrino N with a decay width ΓN [see
Eq. (A8)], we define its decay length λN as
λN = γ
~c
ΓN
. (7)
where γ = EN/mN is the relativistic Lorentz factor. This decay length represents the typical distance between the
vertex where N is produced (accompanied by the primary charged lepton) and the vertex where it decays (into two
charged leptons and a light neutrino). The derivation of the width as a function of the heavy neutrino mass and
mixing for mN & 5 GeV is given in the Appendix. The vertex displacement is very sensitive to the neutrino mass
and the mixing parameters |UNℓ|2 , (λN ∼ 1/(m5N |UNℓ|2)). As shown in Fig 6, taking the mixing at its current upper
bound |U2Nℓ = 10−7, and without considering the relativistic factor, the vertex separation will be above 100 µm if
mN is below ∼ 30 GeV. For smaller mixing values the vertex separation will be larger.
The vertex separation can be used as a condition to eliminate backgrounds. Larger separations occur for lower mN .
Such cases also have the additional advantage that the branching ratios are potentially larger, as discussed above.
On the other hand, larger vertex separations are also obtained if the lepton mixing is smaller than the current upper
bound, in which case the branching ratios become smaller, and so less likely to be detected.
710 20 30 40 50 60 70 80
0.001
0.01
0.1
1
10
100
1000
mN @GeVD
Λ
N
@m
m
D
Figure 6. Decay length of a heavy sterile neutrino vs. its mass, mN , for a Lorentz factor γ = 1 and a mixing parameter |UNℓ|
2
at its current upper bound of 10−7 (solid line), and at lower value 10−9 (dashed line). For other values of the parameters, in
general λN grows proportional to γ/|UNℓ|
2. For the expressions see Eq. (7) and the Appendix.
III. SUMMARY
We have studied the leptonic decays of a W boson W+ → e+e+µ−ν¯µ and W+ → e+µ−e+νe in order to assess their
potential to discover a heavy sterile neutrino with mass below MW and, most of all, to discern between the Dirac or
Majorana character of such neutrino. The first mode is a lepton number violating process (LNV) while the second
preserves lepton number (LNC) but still violates lepton flavor. Both processes are mediated by an intermediate sterile
neutrino. Being sterile the neutrino, the rates are suppressed by heavy-to-light lepton mixing matrix elements, UNℓ,
but on the other hand they are resonantly enhanced if the neutrino mass is in a range below MW , such that it goes
on its mass shell in the intermediate state. This enhancement could make possible the observation of these modes at
the LHC, provided the lepton mixing elements are not too far below their current upper bounds.
Now, if the neutrino is Majorana, both LNV and LNC decays will be induced, with a relative proportion that depends
on the ratio of mixings |UNe|2/|UNµ|2, but if the neutrino is Dirac, only the LNC process will occur. Therefore, a
way to distinguish the Dirac vs. Majorana character of the heavy neutrino is to observe which of these two processes
occur.
Here we face two difficulties. On the one hand, in an actual experiment, the LNC and LNV processes cannot be
distinguished by their final particles, because the only different one is the neutrino (a muon or electron neutrino),
which goes undetected. On the other hand, the LNC and LNV processes cannot be distinguished by their rate,
because they have exactly the same expression in terms of mN , differing only in the mixing elements, which is still to
date an unknown global factor. However, we find that the two processes can be distinguished by the energy spectrum
of the muon (i.e. the opposite sign lepton). In the LNC process, the spectrum rises continuously with energy, all the
way to the endpoint, while in the LNV process, the spectrum reaches a maximum at an intermediate energy and then
gradually drops to zero at the endpoint.
An additional difficulty arises due to the fact that, while a Dirac neutrino induces the LNC spectrum only, the
Majorana neutrino induces both LNC and LNV processes, in relative proportion to the unknown ratio of the mixings
|UNe|2/|UNµ|2, so that the shape of the spectrum induced by a Majorana neutrino is not known a priori. We therefore
have studied the difference in the spectra as a function of this ratio of mixings. Due to the fact the LNV process is
proportional to |UNe|4 while the LNC process is proportional to |UNeUNµ|2, it turns out that the observable LNV
spectrum is more distinguished from the LNC spectrum as |UNe/UNµ|2 is larger, and become confused as this ratio
becomes less than unity. Consequently the separation between Dirac vs.Majorana cannot be done with these processes
if this mixing ratio turns out to be small. However, in that case one should use the decays W+ → µ+µ+e−ν¯e and
W+ → µ+e−µ+νµ, where the muon and electron roles are exchanged. With these processes, the distinction between
the LNC and LNV spectra becomes clearer as the ratio |UNe/UNµ|2 gets smaller, precisely where the original processes
become confused, in a complementary way.
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Appendix A: The heavy neutrino width
The following is an estimate of the heavy neutrino width, formulated consistently within a generic seesaw scenario.
For mN & 5 GeV, we approximate the width by considering just open quark and lepton channels, and neglecting
fermion masses of the final states whenever the corresponding channel is kinematically open. As shown in Atre, Han
& Pascoli, the channels are:
1) Charged currents in leptonic decay with ℓ1 6= ℓ2:
Γ(N → ℓ−1 ℓ+2 νℓ2) =
G2F
192π3
m5N |UNℓ1 |2. (A1)
For each ℓ1 there are two ℓ2 flavours, and then the conjugate channels give an extra factor 2. In total we get a factor
4 for each ℓ1.
2) Neutral currents into a charged lepton pair with ℓ1 6= ℓ2:
Γ(N → ν1ℓ+2 ℓ−2 ) =
G2F
96π3
m5N |UNℓ1|2 ×
{
gLgR + g
2
L + g
2
R
}
, (A2)
where the chiral couplings to Z are gL = − 12 + sin2 θW and gR = sin2 θW . For a given ℓ1, there are 2 possible ℓ2
flavours: we get a factor 2 for each ℓ1.
3) Charged and neutral currents for the case ℓ1 = ℓ2:
Γ(N → ν1ℓ+1 ℓ−1 ) =
G2F
96π3
m5N |UNℓ1 |2 ×
{
gLgR + g
2
L + g
2
R + 1 + 2gL + gR
}
, (A3)
where gL = − 12 + sin2 θW and gR = sin2 θW . For a given ℓ1, there is only one case.
4) Neutral currents into neutrinos:
Γ(N → ν1ν2ν¯2) = G
2
F
768π3
m5N |UNℓ1 |2. (A4)
Considering all ν2 flavors including ν2 = ν1, the sum over all ν2 gives factor 3 for each ν1.
5) Purely charged currents with quarks. We neglect quark masses. The final fermion pairs are fuf¯d = ud¯ and cs¯,
and we must include charged conjugates as well:
Γ(N → ℓ−1 fuf¯d) =
G2F
64π3
m5N |UNℓ1 |2. (A5)
This expression differs from the lepton case just by a factor 3 due to color. There are 2 quark channels, and then the
conjugate channels give an extra factor 2. In total we get a factor 4 for each ℓ1.
6) Neutral currents into same flavour quark-antiquark (qq¯, with q = u, d, c, s, b):
Γ(N → ν1qq¯) = G
2
F
32π3
m5N |UNℓ1 |2 ×
{
gLgR + g
2
L + g
2
R
}
. (A6)
For up-type quarks, gL =
1
2
− 2
3
sin2 θW and gR = − 23 sin2 θW . Summing over the two up-type flavours, we get a factor
2 for each ℓ1. For down-type quarks, gL = − 12 + 13 sin2 θW and gR = 13 sin2 θW . There are three down-type flavours,
so we get a factor 3 for each ℓ1.
The total width is then:
ΓN =
∑
ℓ1
4 Γ(N → ℓ−1 ℓ+2 νℓ2) + 2 Γ(N → ν1ℓ+2 ℓ−2 ) + Γ(N → ν1ℓ+1 ℓ−1 ) + 3 Γ(N → ν1ν2ν¯2)
+ 4 Γ(N → ℓ−1 fuf¯d) + 2 Γ(N → ν1fuf¯u) + 3 Γ(N → ν1fdf¯d), (A7)
ΓN ≈ 0.116× G
2
F
π3
m5N
∑
ℓ1
|UNℓ1 |2. (A8)
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